By using immunohistology combined with immunoblotting, cell culture, and RT-PCR, we show that the intermediate f h e n t protein nestin is d a t l y e x p d in the midembryonic mouse heart. Monoclonal antibody (MAb) Rat-401, known to react with ncstin in neural and skeletal m d e cells, was also found to react with ventricular and atrial cells throughout the mouse heart from embryonic day 9 (E9) through E10.5. Both before (E8.5) and after (Ell-adult) this brief period, staining with Rat-401 was absent from atrial and ventricular myocgtes. To evaluate the specificity of
Introduction
During embryonic and fetal development cardiac muscle cells are capable of division, and it is during these early stages of development that all or almost all heart muscle cells form. The cells of the atria, ventricles, and conduction systems are distinct cell types that express different complements of proteins (17) . After birth, cardiac muscle cells grow in size, but very few or perhaps no new cardiomyocytes form during normal life or after injury (7) . Despite recent advances (11) , the mechanisms underlying cardiac muscle cell division and diversification remain poorly understood. To begin to uncover such mechanisms, we sought to identlfy proteins that are expressed only at particular stages of cardiomyocyte formation. In this report we show that the intermediate filament protein nestin, although not previously found to be expressed in the heart, is one such protein.
Nestin is related to the Type IV intermediate filaments but is usually placed in a distinct class termed Type VI (6.16) . Nestin expression identifies neuroepithelial stem cells, as well as myoblasts and myotubes, in early stages of skeletal myogenesis (8, 14, 22, 23) . Distinct regulatory regions within the first two introns of the nestin gene independently control expression in muscle and nerve cells, but nestin gene fragments tested thus far fail to drive expression * Supported by the James Lawder Gamble Postdoctoral Fellowship of the MGH Fund for Medical Discovery UAD) and by grants from the Council for Tobacco Research, the NIH, and an Established Investigatorship from the American Heart Association UBM).
in the heart (24). We now report that nestin is expressed in the developing mouse heart, suggesting that additional mechanisms must regulate cardiac expression of nestin.
To show that nestin is expressed in embryonic cardiomyocytes, we used a combination of techniques. First, by immunohistachemistry, we found that monoclonal antibody (MAb) Rat-401, which was known to be specific for nestin in neural and skeletal muscle cells (8, 12, 14, 16, 22) , also reacted with mouse hearts at themidembryonic stage of development. Then, to evaluate the specificity of MAb Rat-401 staining in the heart and to verify that nestin protein and mRNA were expressed in cardiomyocytes, we used double i"unofluorescence analysis of heart cells in culture, immunoblotting of nestin protein, and analysis of nestin mRNA expression by RT-PCR, cloning, and sequencing. The results showed that nestin is expressed in cardiomyocytes on embryonic (E) days E9 and E10.
This transient expression of nestin identifies a distinct midembryonic stage of cardiac myogenesis.
Materials and Methods
Nestin was detected with MAb Rat-401 (12, 16) obtained from the Developmental Studies Hybridoma Bank, Department of Biology, University of Iowa, Iowa City, IA. Myosin heavy chain (MHC) was detected with MAb F59, which reacts with all known cardiac and skeletal muscle MHC isoforms in the mouse but does not react with smooth muscle or cytoskeletal MHCs (19) . For some experiments, MAb F59 was biotinylated (20) .
For cultures, hearts were obtained from E10 and E13 mouse embryos ofthe outbred CD-1 strain (Charles River; Wilmington, MA) and dissociated by two 15-min incubations at 37'C in 0.05% trypsin, 0.5 mM EDTA in PBS. Cells were cultured at a density of 10-20 x 10' cellslcm' on gelatin-paraformaldehyde in PBS for 15 min. permeabilized in PBS containing 0.1% Triton X-100 for 20 min at room temperature. then incubated for 1 hr in PBS containing 2% bovine serum albumin, 2% horse serum, 2% goat serum, and 0.1% Triton x-100 (blocking solution).
Tissue sections were prepared as described (14) . In brief. mouse embryos and adult mouse or rat hearts were fixed overnight at 4' C in PBS containing 4% paraformaldehyde. To accurately determine the stage of development, the number of somite pain was counted for each embryo. Fixed embryos were infiltrated with 25% sucrose in blocking solution, mounted in Tissue-Tek OCT (Miles; Elkhart, IN), and frozen in liquid nitrogen. Sections 10 pm thick were cut at -26'C. washed in PBS, and incubated for 10 min in 90% methanol containing 3% H202 to inhibit endogenous peroxidases.
Hybridoma supernatants were diluted 1:4 in blocking solution and added to fixed cells or tissue sections avernight at 4'C. Antibody binding was detected with a fluorescein-conjugated secondary antibody or an avidin-honeradish peroxidase-based system (Vectastain ABC kit; Vector Laboratories. Burlingame. CA) using diaminobenzidine as substrate. For double immunofluorescence analysis of nestin and MHC expression using MAbs Rat-401 and F59, samples were incubated sequentially with (a) anti-nestin MAb For immunoblots. tissues or cultured cells were collected by centrifugation and boiled for 10 min in -4 volumes of SDS sample buffer containing 0.125 M Tris, pH 6.8. 10% 2-mercaptoethanol, 10% glycerol. and 4.6% SDS. After SDS-PAGE in 5% gels (3). samples were transferred to nitrocellulose and incubated with a 1:10 dilution of MAb Rat-401 hybridoma supernatant owmight at 4°C. Antibody binding was detected with a horseradish peroxidase-linked system (Vectastain ABC kit) using diaminobenzidine as substrate. M,s were estimated by reference to pre-stained standards (Gibco BRL: Gaithersburg, MD). for 1 min at 94°C. annealing for 1 min at 60°C, and extension for 1 min at 72%. Because rat sequence-bued primers were used to amplify mouse "A, the fm round of K R amplifed both nestin and non-nestin cDNAs.
Therefore, a second round of PCR was used to increve the proportion of nestin cDNA and allow efficient cloning. The second round of PCR used 40 cycles of PCR (1 min at 94'C. 1 min at 60'C. and 1 min at 72'C), a nested 5' primer. 5'-GKAAGACGCTAGAAGAGCA-3', and the previous 3' rcverse primer. The xcond primer pair amplified a smaller cDNA fngment which, when the primer sequences were occluded, gave sequence information for nucleotides 223-300 of the mouse nestin coding xquence. The cDNA obtained after RT-PCR was cloned into the pT7Blue plasmid using the manufacturer's instructions (Novagcn; Madison, WI), and inserts from four clones were sequenced (Sequenase kit; USB, Cleveland, OH).
coated dishes. Culture medium consisted of DME supplemented with 10% horse or fetal calf serum, 3% chicken embryo extract. 1 mM sodium pyruvate, 10 mM HEPES (pH 7.4). 2 mM Lglutamine, and penicillin. Medium was used at 0.2-0.3 ml/cm2 and cultures were incubated in a humidified mixture of 95% air. 5 % CO2 at 37'C. Cultured cells were fixed in 2%
Results
To analyze nestin regulation in the heart. we first used immunohistochemistry to idcntdy heart cells that reacted with an MAb. Rat-401. known to react specifically with nestin in neuroepithelial and embryonic skeletal muscle cells (9.14.16.22). We found that MAb Rat-401 also reacted with mouse hearts at a particular stage of midembryonic development. The youngest embryos we examined were of embryonic day 8.5 (E8.5) and had six or seven somites; in these embryos the heart failed to stain with the anti-nestin MAb.
In contrast, when the hearts of E9-E10.5 embryos with 15-38 somites were analyzed, staining with MAb Rat-401 was seen throughout the heart, including the common atrium, common ventricle, Figure 3 . Nestin in cultured cardiomyocytes. Cells from E10 mouse hearts were culturedfor 24 hr and examined by double immunofluorescence for expression of (A) nestin with MAb Rat-401 and (E) myosin heavy chain with MAb F59. As in the myocyte shown here and described in the text, nestin and MHC were co-expressed in many myocytes cultured from E10 hearts, whereas nestin was not found in myocytes cultured from E13 hearts (not shown). Bar = 6 vm.
and outflow tract (Figure 1) . By Ell and into adulthood, howcver, the MAb again failed to stain cells of the atria and ventricles (not shown).
To determine whether nestin was expressed by the differentiated cardiomyocytes of the midembryonic heart, we first analyzed nestin and MHC expression in E10 hearts by double immunofluorescence. Sections of E10 mouse hearts were examined by double immunofluorescence using the biotinylated MHC-specific MAb F59. to identify cardiomyocytes, and the nestin-specific MAb Rat-401. As shown in Figure 2 , MAbs Rat401 and F59 produced almost idcntical pattems of staining in the E10 heart.
To confirm that cardiomyocytes express nestin, we also examined primary cultures of embryonic heart cells. Cells from E10 and E13 mouse hearts were cultured and examined after 4-24 hr of culture by double immunofluorescence as a h . Dfirentiated cardiomyocytes were easily identified by the presence of MHC that reacted with MAb F59 and was assembled into well-formed sarcomeres. When E10 heart cells were cultured, we found that MAb Rat401 reacted with m25-50% of the F59-reactive cardiomyocytcs in vitro (Figure 3) . In one survey of E10 cultures, for cxample, 88 F59-reactive, MHC-expressing cardiomyocytes were examined and 37 (42%) were found to react with the nestin-specific MAb Rat-401,
A,
start220kD - whereas staining with the nestin-specific MAb was not detected in the remaining myocytes. As in skeletal muscle cells (14.22) . the distributions of natin and MHC staining within a cardiomyocyte were not identical (Figure 3 ). Although staining with the two MAbs overlapped in most regions. some areas in cardiomyocytes stained with the nestin but not the MHC MAb, whereas other areas showed the reverse pattem. In contrast to the staining seen when E10 cells were examined. MAb Rat401 did not stain any of the cardiomyocytes in cultures of E13 heart cells (not shown).
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To evaluate the specificity of MAb Rat-401 reactivity with heart cells. we verified that nestin protein and mRNA were expressed in embryonic hcart cells (Figure 4) . Natin. when analyzed by SDS-PAGE in low-percentage gels and immunoblotting with MAb Rat-401. appears as a major band with an estimated MI of 4 4 0 KD (9.14.23). In agreement with that work and with our immunohistochemistry. we found that a similarly high Mr band was stained by MAb Rat401 in freshly prepared extracts of E10 mouse hearts, E13 mouse brain tissue, and C2C12 skeletal muscle cells. but was not found in extracts of El3 mouse heart or the pre-adipocyte 3T3-L1 cells ( Figure 4A) .
We also used RT-PCR to demonstrate that nestin mRNA was expressed in embryonic mouse hearts. Based on the previously known rat and human sequences (6,16), we designed natin-specific primers for RT-PCR and analyzed RNA from E10 mouse hearts. Using these primers. we amplified a EDNA with the size and restriction pattems with PvuII and Hinfl predicted for nestin; the amplified mouse cDNA hybridized with a rat nestin cDNA probe. and the PCR amplification was dependent on reverse transcription (not shown). We cloned and sequenced four independent RT-PCR products obtained from E10 mouse heart mRNA. The newly dctcrmincd mouse cDNA sequence included nuclcotida 223-300 of the coding region and was 92% identical to the rat sequence and 78% identical to the human sequence in the corresponding region ( Figure 4B ). The predicted amino acid sequence of the mouse cDNA showcd that in this region the mouse and rat natin proteins were identical, except that the alanine at position 50 in mouse nestin is replaced by a threonine in rat natin. The protein and mRNA analyses thus confirmed the immunohistochemical observation that nestin is transiently expressed in the midembryonic mouse heart.
Discussion
Most work on natin has focused on its cxpmsion in neuroepithelial and skeletal muscle cells (12.14.22.24). whereas expression of ncstin in the heart had not been reported. Our initial evidence that nestin is expressed in the heart was that MAb Rat-401, known to be specific for nestin in neuroepithelial and embryonic skeletal muscle cells (14.16) , also stained midembryonic m o w hearts. To evaluate the immunohistochemical observations, we used additional techniques. ranging from cell culture to RT-PCR. to show that nestin protein and mRNA are expressed in the cardiomyocyta of developing mouse hearts.
We found that nestin expression in the myocardium is a molccular marker that identifies a particular midembryonic period, E9-E10.5, of cardiac myogencsis. No other protein yet examined is expressed in the heart in the same pattern as nestin. Dystrophin transcripts are first expressed at E9.5 in the heart (13), but other structural and contractile proteins are expressed at high levels in the embryonic heart before E9, and dystrophin and these proteins continue to be expressed in the atrial and ventricular myocytes after nestin expression ceases (17) . Because regulatory regions of the nestin gene that drive reporter gene cxpmsion in neural and skeletal muscle cells d o not appear to be active in the heart (24) nestin expression in the hcart must be controlled by distinct mechanisms.
During midembryonic development, cardiac myocytcs express at least three intermediate filament proteins: nestin. vimentin. and damin. Cytokeratins 8 and 18 arc also "pressed in developing hearts of some species (15) . Damin first appears on E8 in the mouse heart (1). a day carlier than natin. and, unlike natin, damin is cxpmsed at all stages of development. Vimentin is also expressed during the earliest stages of cardiogcnesis (21) . Nestin is co-expressed, therefore. with vimentin and desmin on E9-EI0 in the mouse heart.
The functions of the different intermediate filament proteins in cardiac cells are not known. During the brief 2-day period of E9-Ei0, when nestin is expressed in atrial and ventricular cells, the embryonic mouse heart is beating, begins the transformation from a two-chambered to a four-chambered organ, and markedly increases in size. It is possible that changes in heart shape or blood pressure place structural demands on the midembryonic heart that require nestin expression. Mutations in the intermediate filament proteins keratin 8 and keratin 14 suggest that they are required to maintain tissue structure (2,5). In contrast, inactivation of the vhentin gene has no effect on mouse development or adult function (4).
In neural and glial cell lineages, nestin is expressed in mitotic progenitor cells but not in post-mitotic neurons or glial cells (8) . Similarly, in skeletal muscle cells, nestin is expressed in myoblasts, which are the mitotic progenitor cells of muscle fibers (14, 22) . Because cardiomyocytes are rapidly dividing in the midembryonic atria and ventricles, it appears that nestin is expressed by mitotic cardiomyocytes. Dividing cardiomyocytes are still found, howwer, in the fetal heart after nestin expression has ceased (7), and therefore it is unlikely that nestin is a marker for all heart muscle cells that are capable of division. In culture, not all E10 cardiomyocytes expressed nestin, perhaps because nestin expression ceases during the remodeling of the contractile apparatus that takes place during the early stages of myocyte culture (10) . Nestin expression might also identlfy a distinct population or lineage of embryonic myocytes. Such multiple lineages of myogenic cells have been found in embryonic and fetal skeletal muscle (18) .
Our understanding of cardiac muscle development has advanced with promoter analyses of cardiac-specific genes and the identification of several families of transcription factors that regulate cardiac gene expression (11~7). Relatively little, however, is known about genetic regulatory mechanisms that may be specific to embryonic cardiomyocytes. Because nestin is expressed transiently in the embryonic heart, continued analyses of nestin gene regulation may unravel mechanisms underlying cardiac muscle cell development and diversification.
